A total synthesis of (+)-conolidine has been achieved via the gold(I)-catalyzed cascade cyclization of a conjugated enyne. Remarkably, this strategy allowed for the simultaneous formation of the indole ring and the ethylidene-substituted piperidine moiety of (+)-conolidine under homogenous gold catalysis in an enantioselective manner (88-91% ee).
Homogeneous gold catalysis has attracted considerable attention because of the strong acidity of gold, as well as its potential to stabilize cationic reaction intermediates. 5 The versatile reactivity of gold catalysts has allowed for the design of several eloquent cascade reactions for the direct step-and atom-economical synthesis of complex molecules. 6 Nowadays, homogeneous gold catalysis is recognized as one of the most effective strategies for the electrophilic activation of alkynes for the synthesis of natural products. 6f We recently reported the gold(I)-catalyzed bis-cyclization of conjugated diynes 2 (R' = H, -NuH = CH2OH) as an efficient strategy for the construction of fused indoles 3 and 4 (Scheme 1). 7 In this reaction, the initial indole formation occurred via a 5-endo-dig cyclization, which was followed by a 7-endo-dig cyclization to give the fused indole 3 as the major product. Based on this reaction, we designed a strategy for the synthesis of (+)-conolidine (1) (Scheme 2, strategy I). It was envisaged that the known conolidine precursor 7 2, 4 could be prepared by the gold(I)-catalyzed cascade cyclization of conjugated diyne 10. In this sense, the bis-cyclization reaction would allow for the formation of a fused indole (path a and b), which would be followed by a third cyclization to give the piperidine moiety. One of the potential issues with this strategy would be controlling the regioselectivity of the second cyclization step. In particular, the 6-exo-dig cyclization (path b) would need to be favored over the 7-endo-dig pathway (path b') to allow for the introduction of the oxygen atom at the appropriate carbon of the product. We also designed a second strategy (strategy II) using a conjugated enyne 11 bearing a silyl enol ether. 8 Notably, this strategy would avoid the need to control the regioselectivity of the second cyclization described in strategy I by introducing the oxygen atom of the conolidine as a silyl ether. It was also envisaged that the nucleophilicity of the enol ether would be increased following the formation of the indole, leaving it better equipped to promote the subsequent formation of the piperidine ring. Furthermore, the use of a chiral auxiliary (in strategy I) or chiral gold complex would allow for the asymmetric induction of these key steps. Both of these strategies involve the use of readily accessible synthons 12-16, and can therefore be considered as diversity-oriented convergent syntheses. Herein, we report the total synthesis of (+)-conolidine (1) based on the catalytic asymmetric cyclization of the enol ether-type substrate 11 (strategy II). to evaluate the possibility of controlling the regioselectivity in strategy I (Scheme 3). The reaction of 2a bearing a phenylglycinol moiety gave the desired isomer 4a as a minor product (4a/ 3a = 29:71) . In contrast, substrate 2b bearing a vicinal phenyl group and substrate 2c bearing a carboxylic acid preferentially afforded the corresponding 6-exo-products (4/3 = 71:29-80:20) .
Based on these results, we prepared the corresponding alcohol and carboxylic acid substrates 10a and 10b as the most suitable candidates for the synthesis of conolidine. a The erythro-isomer of ()-2b was used.
Our initial efforts towards the preparation and subsequent gold(I)-catalyzed cyclization of the conjugated diynes 10a and 10b are shown in Scheme 4. The alkylation of tosylamide 17 9 with 1bromobut-2-yne (18) gave diyne 19. The iodination of the terminal alkyne moiety in 19 with NIS and AgNO3, followed by the subsequent Cadiot-Chodkiewicz coupling 10 of the resulting iodoalkyne with 13a or 13b gave the amino alcohol-and amino acid-type substrates (±)-10a and 10b (after hydrolysis), respectively. Unfortunately, however, the subsequent reaction of 10a with IPrAuCl/AgOTf (10 mol %) and EtOH (2 equiv) in 1,2-DCE at 50 °C for 2 h gave a complex mixture of unidentified products. In contrast, the reaction of 10b under the same conditions led to the formation of the bis-cyclization products 20b and 20b' with good regioselectivity for the former of these two products (20b/20b' = 90/10). It is noteworthy, however, that these compounds were formed in low yields (<31%) because of their poor stability. Disappointingly, all of our other attempts to promote the formation of the piperidine using 10b and 20b/20b' resulted in failure, most likely because of the poor nucleophilicity of the enol ether moiety of 20b bearing an electronwithdrawing group. Based on these results, we discarded strategy I and focused our efforts on strategy II using the conjugated enynes 11a and 11b. in 71% yield, which was treated with TIPSOTf or TBSOTf in the presence of Et3N to give the conjugated enyne-type silyl enol ethers 11a and 11b in 75 and 81% yields, respectively. It is noteworthy that the (E)-and (Z)-isomers 12 of 11 could be separated, as necessary, by column chromatography over silica gel followed by PTLC (see Supporting Information). We then investigated the gold(I)-catalyzed cascade reaction of the enol ether-type conjugated enynes 11a and 11b ( Table 1 ). The treatment of enyne 11a with L1Au(MeCN)SbF6 (5 mol %) ( Figure 2 ) in toluene-d8 at room temperature afforded the desired product 9 (16%), as well as the two monocyclization products 28 13 (34%) and 29 (14%). To drive the reaction to completion, we investigated the use of an additive as a proton source as well as silyl scavenger. Fortunately, the addition of H2O 4 improved the yields of 9 to 38% (entry 2), In contrast, the use of MeOH was less efficient (entry 3). The use of an IPr ligand was found to be unsuitable for this reaction (entry 4).
Similarly, several other experiments using NaBARF 8h ( Figure 2 ) as the counter anion (entry 5),
CD2Cl2 as a solvent (entry 6) or the TBS ether 11b as a substrate (entry 7) did not improve the yield. 
L1
We then proceeded to investigate the enantioselective gold(I)-catalyzed cascade reaction of the conjugated enyne 11a ( Table 2) . Based on a related study reported by Toste and co-workers involving the asymmetric carbocyclization of a silyl enol ether, 8h we investigated the use of biarylphosphine-type dinuclear chiral gold complexes to affect this reaction ( Figure 2 ). The treatment of the conjugated enyne 11a with (R)-DTBM-SEGPHOS(AuCl)2 (5 mol %)/AgSbF6 (10 mol %) resulted in the formation of the undesired ketone 29 as the major product (entry 1). The use of (R)-MeO-DTBM-BIPHEP gave the desired product (S)-9 in 13% yield and 89% ee (entry 2). An increase in catalyst loading (10 mol % for the bimetallic gold complex) led to a slight decreased in the yield to 10%, as well as a decrease in the ee to 76% (entry 3). Expecting that the sterically less hindered (Z)-isomer has better reactivity, we examined the reaction of the both isomers, (Z)-and (E)-11a. Interestingly, the use of (Z)-11a led to an improvement in the yield of (S)-9 to 32% (entry 5), whereas the reaction of (E)-11a failed to afford the desired product (entry 4). Taken together, these results suggested that it was only possible to generate the desired product 9 from the Z-isomer of 11a when a E/Z mixture of 11a was used as the substrate (entries 1-3). The use of 11a in conjunction with a decreased loading of H2O (1.0 equiv) led to an improvement in the ee to 91%, although the yield dropped to 18% (entry 6). Finally, we investigated the conversion of the bis-cyclization product (S)-9 (91% ee) to (+)conolidine (1) . The treatment of (S)-9 with Na/naphthalene resulted in the cleavage of the Ts protecting group to give the known conolidine precursor 7 in 60% yield (Scheme 6). According to the procedure reported by Bohn, Micalizio, and co-workers, 2 we obtained (+)-conolidine (1) In conclusion, we have achieved the total synthesis of (+)-conolidine based on the gold(I)catalyzed cascade cyclization of a conjugated enyne. This study has shown that the feasibility of catalytic asymmetric reactions involving chiral gold(I) complexes for the construction of stemmadenine-type scaffolds. and used without further purification. The known compounds S1, 14 S4, 15 S7, 16 17, 9 21, 11 and (R)-MeO-BIPHES(AuCl)2 17, 18 were prepared according to the literature. Structures of S1-S9 are shown in Schemes S1-S3 (Supporting Information).
Preparation of Starting Materials.
(R)-2-Phenyl-2-({2-[(trimethylsilyl)ethynyl]phenyl}amino)ethan-1-ol (S2). The coupling of S1 and trimethylsilylacetylene was carried out according to the reported method 19 as follows: to a stirred suspension of S1 (1.42 
(±)-(1R,2S)-1,2-Diphenyl-2-({2-[(trimethylsilyl)ethynyl]phenyl}amino)ethan-1-ol [(±)-S6].
According to the procedure described for the preparation of S2, (±)-S5 (2.95 g, 8.01 mmol) was converted to (±)-S6 (2.72 g, 88%). Column chromatography: silica gel (hexane/EtOAc = 10/ 
(±)-(1R,2S)-1,2-Diphenyl-2-{[2-(phenylbuta-1,3-diyn-1-yl)phenyl]amino}ethan-1-ol [(±)-2b
]. According to the procedure described for the preparation of 2a, (±)-13a (430 mg, 1.37 mmol) was converted into (±)-2b (337 mg, 59%). 4, 61.7, 100.8, 108.1, 101.5, 110.3, 116.8, 127.0 (2C), 128.2, 128.7 (2C), 129.8, 131.8, 137.4, 147.2, 171 3, 61.9, 80.3, 83.2, 107.1, 110.5, 117.0, 127.1 (2C), 128.3, 128.8 (2C), 130.1, 132.6, 137.3, 147.3, 171.2. Anal. calcd for C18H17NO2: C, 77.40; H, 6.13; N, 5.01. Found: C, 77.36; H, 6.11; N, 5 .00. Hepta-1,3-diyn-1-yl) 7.73 (d, J = 8.0 Hz, 2H) ; 13 C NMR (125 MHz, CDCl3) δ: 3.2, 18.9, 21.4, 37.7, 45.3, 70.1, 71.7, 80.8, 81.7, 127.6 (2C) N-(But-2-yn-1-yl)-N-[6-(2-{[(1R,2S)-2-hydroxy-1,2-diphenylethyl]amino}phenyl)hexa-3,5diyn-1-yl]-4-methylbenzenesulfonamide [(±)-10a] . A mixture of 19 (1.10 g, 4. 0 mmol), AgNO3
Ethyl 2-{[2-(
(203 mg, 1.20 mmol), and NIS (1.26 g, 5.60 mmol) in acetone (100 mL 3, 20.3, 21.4, 37.9, 45.2, 63.1, 67.0, 71.7, 72.5, 77.2, 79.8, 81.8, 81.9, 106.3, 111.1, 116.7, 126.5 (2C) {[N-(But-2-yn-1-yl)-4-methylphenyl]sulfonamide}hexa-1,3-diyn-1yl )phenyl]amino}-2-phenylacetate [(±)-S10)]. According to the procedure described for the preparation of (±)-10a, (±)-13b (12.0 g, 3.0 mmol) was converted to (±)-S10 (0.80 g, 73%) by the reaction with 12 in the presence of CuCl (59.4 mg, 0.6 mmol) in piperidine (7 mL 3, 13.9, 20.3, 21.4, 38.0, 45.2, 60.3, 61.9, 66.8, 71.8, 72.2, 79.8, 81.8, 81.9, 106.6, 110.6, 117.1, 127 .0 (2C), 127.7 (2C), 128. 3, 128.8 (2C), 129.4 (2C), 130.4, 133.3, 135.8, 137.1, 143.4, 148.2, 170.9 ; HRMS (FAB) calcd for C33H33N2O4S (MH + ) 553.2161, found 553.2155. 3, 20.3, 21.5, 37.9, 45.1, 60.2, 66.8, 71.8, 72.2, 79.8, 81.9, 82.1, 106.6, 110.7, 117.4, 127.2 (2C) , 127.7 (2C), 128.6, 129.0 (2C), 129.4 (2C), 130. 5, 133.5, 135.7, 136.5, 143.5, 148 .0, 176.0; HRMS (FAB) calcd for C31H29N2O4S (MH + ) 525.1848, found 525.1849. N-(But-2-yn-1-yl) 3.2, 14.2, 21.5, 22.7, 31.1, 36.8, 45.5, 60.5, 71.6, 81.6, 127.8 (2C) 
2-{[2-(6-{[N-(But

Ethyl 4-{[
N-(But-2-yn-1-yl)-N-[4-hydroxy-6-(trimethylsilyl)hex-5-yn-1-yl]-4-
methylbenzenesulfonamide (24) . Alkynylation was carried out according to the reported method 24 as follows: to a mixture of 23 (2.70 g, 8. 0 mmol) in dry CH2Cl2 (40 mL) was added 1M DIBAL in toluene (9 mL, 8.7 mmol) at -78 ºC under argon. After stirring at the same temperature for 1 h, the reaction was quenched with MeOH (1 equiv) and H2O (6 equiv) at -78 ºC, and the resulting slurry was allowed to warm to room temperature. It was then filtered through MgSO4 and Celite and the solvent was evaporated under reduced pressure to leave aldehyde 14 as a yellow liquid. This crude material was used for the next reaction without further purification. To a mixture of trimethylsilylacetylene (1 mL, 7.20 mmol) 4.06 (q, J = 2.3 Hz, 2H), 1H), 2H), 2H) ; 13 C NMR (125 MHz, CDCl3) δ: 0.0 (3C), 3.4, 21.7, 23.1, 34.4, 36.6, 45.8, 62.5, 71.7, 81.7, 89.9, 106.4, 128 N-(But-2-yn-1-yl)-N-(4-hydroxyhex-5-yn-1-yl)-4-methylbenzenesulfonamide (25) . To a mixture of 24 (4.48 g, 11.4 mmol) in dry THF (23 mL) at 0 ºC under argon was added 1M TBAF in THF (11.5 mL, 11.4 mmol) dropwise, and the mixture was stirred at room temperature for 0.7 h. N-[6-(2-Aminophenyl)-4-hydroxyhex-5-yn-1-yl]-N-(but-2-yn-1-yl) 21.4, 23.2, 34.6, 36.7, 45.8, 62.5, 71.6, 81.6, 81.7, 95.1, 107.1, 114.3, 117.8, 127.8 (2C), 129.2 (2C), 129.8, 132.2, 135.8, 143.2, 147.9 ; HRMS (FAB) calcd for C23H27N2O3S (MH + ) 411.1742, found 411.1742. 6-(2-Aminophenyl)-4-oxohex-5-yn-1-yl]-N-(but-2-yn-1-yl) 21.4, 21.9, 37.0, 42.1, 45.5, 71.5, 81.7, 89.1, 94.1, 103.4, 114.5, 117.8, 127.8 (2C) , 129.2 (2C), 132. 5, 133.8, 135.7, 143.3, 105.3, 186.5; HRMS (FAB) 3.2, 18.1, 21.5, 25.6 (3C), 27.3, 37.0, 45.9, 71.8, 81.6, 89.4, 89.7, 107.0, 114.4, 115.1, 117.7, 127.8 (2C) , 129.2 (2C), 130. 1, 132.1, 135.4, 136.0, 143.1, 148 .0; HRMS (FAB) calcd for C29H39N2O3SSi (MH + ) 523.2451, found 523.2454.
N-[
Gold(I)-Catalyzed Cascade Reactions.
General Procedure A: Synthesis of (R)-2,5-Diphenyl-4,5-dihydro- [1, 4] 3a) and (R, Z)-1-Benzylidene-4-phenyl-3,4-dihydro-1H-[1,4]oxazino[4,3-a]indole (4a) .
A screw-cap test tube was charged with 2a (33.7 mg, 0.10 mmol), IPrAuCl (3.1 mg, 5.0 µmol) and
AgOTf ( 3, 73.3, 96.6, 102.8, 109.1, 120.19, 120.20, 121.7, 125.5 (2C), 126.5 (2C), 127.7, 128.2 (2C), 128.3, 128.5, 128.6 (2C), 136.0, 136.6, 138.1, 138.4, 153.4; (Minor isomer 4a): 55. 3, 70.6, 97.7, 105.5, 109.6, 120.8 (2C) , 122.2 (2C), 126.1 (2C),
